Hyperactivation of phosphatidylinositol-3 kinase (PI3K) can occur as a result of somatic mutations in PIK3CA, the gene encoding the p110a subunit of PI3K. The HER2 oncogene is amplified in 25% of all breast cancers and some of these tumors also harbor PIK3CA mutations. We examined mechanisms by which mutant PI3K can enhance transformation and confer resistance to HER2-directed therapies. We introduced the PI3K mutations E545K and H1047R in MCF10A human mammary epithelial cells that also overexpress HER2. Both mutants conferred a gain of function to MCF10A/HER2 cells. Expression of H1047R PI3K, but not E545K PI3K, markedly upregulated the HER3/HER4 ligand heregulin (HRG). HRG siRNA inhibited growth of H1047R but not E545K-expressing cells and synergized with the HER2 inhibitors trastuzumab and lapatinib. The PI3K inhibitor BEZ235 markedly inhibited HRG and pAKT levels and, in combination with lapatinib, completely inhibited growth of cells expressing H1047R PI3K. These observations suggest that PI3K mutants enhance HER2-mediated transformation by amplifying the ligand-induced signaling output of the ErbB network. This also counteracts the full effect of therapeutic inhibitors of HER2. These data also suggest that mammary tumors that contain both HER2 gene amplification and PIK3CA mutations should be treated with a combination of HER2 and PI3K inhibitors.
Introduction
HER2 (ErbB2) is a member of the ErbB family of transmembrane receptor tyrosine kinases, which also includes the epidermal growth factor receptor (EGFR), HER3 and HER4. Binding of ligands to the extracellular domain of EGFR, HER3 and HER4 induces the formation of kinase active homo-and heterodimers to which activated HER2 is recruited as a preferred partner (Yarden and Sliwkowski, 2001 ). Amplification of the HER2 gene occurs in 25% of invasive breast cancers in which it is associated with poor patient prognosis (Nahta et al., 2006) . Activation of the ErbB receptor network engages multiple effectors and signaling pathways including the phosphatidylinositol-3 kinase (PI3K) survival pathway (Engelman and Cantley, 2006) In HER2-overexpressing cells, a major mechanism of PI3K activation is heterodimerization of HER2 with kinase-deficient HER3 which, when phosphorylated, can directly couple to the p85 subunit of PI3K (Holbro et al., 2003) . Treatment with HER2 inhibitors such as trastuzumab or lapatinib uncouples HER3 from p85, thus inhibiting PI3K (Yakes et al., 2002; Engelman et al., 2007; Ritter et al., 2007; Junttila et al., 2009 ). Trastuzumab, a monoclonal antibody that binds to the extracellular domain of HER2, is approved as therapy for HER2 gene-amplified breast cancers (Slamon et al., 2001) A large proportion of patients who initially respond to trastuzumab eventually develop resistance (Nahta et al., 2006) . It is speculated that sustained inhibition of PI3K is essential for the antitumor effect of HER2 inhibitors. Indeed, presence of detectable PIK3-CA mutations and/or loss or low levels of PTEN measured by immunohistochemistry have been associated with lower response to trastuzumab and chemotherapy in patients with HER2 þ tumors (Nagata et al., 2004; Berns et al., 2007) and to lapatinib in HER2 þ cells Serra et al., 2008; Junttila et al., 2009) .
PI3K, a lipid kinase consisting of a regulatory p85 and a catalytic p110 subunit, has a central role in normal cellular growth and metabolism (Cantley, 2002) . p110 phosphorylates phosphatidylinositol-4,5-bisphosphate to generate phosphatidylinositol-3,4,5-trisphosphate (PIP3) at the plasma membrane. Pleckstrin homology (PH) domain-containing proteins involved in cell survival, such as the serine/threonine kinase AKT, are recruited by PIP3 to the plasma membrane in which they become activated (Cantley, 2002) . The PI3K-AKT pathway is commonly altered in human cancers (Vivanco and Sawyers, 2002) . Mutations in PIK3CA are single nucleotide substitutions occurring in about 30% of several common cancers, including carcinoma of the breast, colon, endometrium and prostate (Bachman et al., 2004; Campbell et al., 2004; Samuels et al., 2004; Karakas et al., 2006) . About 80% of these mutations occur primarily at three 'hotspots' (E542K, E545K in exon 9 and H1047R in exon 20) , resulting in elevated catalytic activity of p110a (Carson et al., 2008) and cell transformation (Isakoff et al., 2005; Kang et al., 2005; Samuels et al., 2005; Bader et al., 2006) . In breast cancers, PIK3CA mutations are associated with HER2 overexpression (Saal et al., 2005; Stemke-Hale et al., 2008) and correlate with lymph node metastases (Saal et al., 2005) and poor patient outcome (Li et al., 2006; Lai et al., 2008; Lerma et al., 2008) . In this study, we have examined potential mechanisms by which the acquisition of PIK3CA mutations enhances HER2-mediated transformation in mammary epithelial cells and confer resistance to anti-HER2 therapies.
Results

E545K and H1047R
PIK3CA mutants confer a gain of function to HER2-overexpressing cells We stably transduced hemagglutinin (HA)-tagged wildtype (WT), E545K (EK) and H1047R (HR) PIK3CA retroviral vectors in HER2-overexpressing MCF10A human mammary epithelial cells. Because p110 requires p85 for its stability (Geering et al., 2007) , p85 levels limit the overexpression of transfected p110. Consistent with this, total p110 levels were overall similar in control and transfected cells (Figure 1a) . We next evaluated the effects of EK and HR mutants on PI3K signaling in medium supplemented with serum, epidermal growth factor (EGF) and insulin. Cells harboring the HR mutant, but not WT-or EK-mutated PI3K, showed elevated levels of activated AKT (pAKT  S473 and pAKT   T308 ). There was also an increase in phosphorylation of glycogen synthase kinase 3 (GSK-3) and ribosomal protein S6, targets downstream of AKT and TORC1, respectively (Engelman and Cantley, 2006) in both mutants compared with WT PI3K (Figure 1b) . PI3K activation leads to cellcycle entry through stabilization of cyclins (Cantley, 2002) . Accordingly, we detected higher levels of cyclins D1 and D2 in mutants, especially HR, but not WT PI3K-expressing cells (Figure 1b) .
MCF10A cells form polarized, quiescent acini in three-dimensional (3D) basement membrane. Activation of HER2 in these cells reinitiates proliferation, disrupts tight junction polarity and induces acinar expansion without invading into the surrounding matrix (Muthuswamy et al., 2001) . Cells expressing PI3K mutants formed larger multiacinar structures whereas cells expressing WT PI3K or vector alone formed smaller, less complex acini with central necrosis (Figure 1c) . In all cases, growth was prevented by BEZ235 (Figure 1c) , a small molecule inhibitor of p110a with an IC 50 against WT, HR and EK PI3K of 4-5.7 nM (Maira et al., 2008) . By immunofluorescence, WT cells showed staining with the apoptosis marker cleaved caspase-3, whereas in acini expressing EK and HR PI3K, caspase staining was almost undetectable (Figure 1e ). Further, MCF10A/HER2 cells expressing the mutants formed large colonies in soft agarose (Figure 1d ). In addition, MCF10A/HER2 cells expressing mutant PI3K were more motile and invasive compared with cells expressing WT PI3K as measured by their ability to migrate to the underside of Transwell filters without or with Matrigel coating after 24 and 42 h, respectively (Figures 1f and g ).
For optimal growth, MCF10A cells require addition of EGF and insulin to the cell medium. When maintained in presence of serum and growth factors, WT and mutants proliferated at about the same rate, however, under serum and growth factor deprivation, cells expressing the mutants (HR4EK) proliferated faster than cells expressing WT PI3K (Supplementary Figure S1) . Collectively, these results suggest that (1) stable expression of EK and HR PI3K enhances HER2-mediated transformation; and (2) the H1047R mutant is more transforming than E545K PI3K in HER2-overexpressing cells.
PI3K mutants upregulate pHER3 and enhance the association of p85 with HER3 Consistent with their ability to grow better in low serum, cells expressing EK and HR PI3K maintained pAKT S473 in 0.5% serum. Cells expressing the mutants, especially HR PI3K, maintained activated HER3 as measured by pHER3 Y1289 (Figure 2a) . Because of the close physical association between PI3K and its upstream activator(s), it is possible to identify PI3K-activating receptor tyrosine kinase(s) or tyrosine phosphorylated adaptor(s) by immunoprecipitation with p85 antibodies. This approach has been used to identify upstream activators of PI3K in drug-resistant cancer cells Guix et al., 2008) . Therefore, p85 was precipitated from cells and the antibody pull-downs were subjected to phosphotyrosine (pTyr) immunoblotting. A pTyr band of B200 kDa co-precipitated with p85 only in cells expressing EK and HR mutants (Figure 2b , bottom row, upper arrow). This band was confirmed to be HER3 by immunoblot analysis (Figure 2b ). The lower arrow in this blot indicates a nonspecific band. Consistent with this result, precipitation with an HER3 antibody recovered an B200 kDa pTyr band (which likely represents the p85-associated pHER3 as shown by others: Engelman et al., 2007; Ritter et al., 2007) in both EK-and HR-expressing cells. Although the HER3 immunoprecipitation recovered less HER3 in HR cells, the amount of p85 associated with HER3 was more in these cells than that in the WT or EK mutant expressing cells ( Figure 2c ). To determine whether AKT activation was dependent on mutant PI3K, we treated cells with a PI3K inhibitor. Treatment with BEZ235 for 6 h markedly reduced pAKT S473 without affecting pHER3 or the association of p85 with HER3 ( Figure 2d ).
RNAi of HER3 partially inhibits MCF10A/HER2 cells expressing mutant PI3K
In HER2-overexpressing cells, the co-receptor HER3 directly couples to p85 and activates PI3K-AKT (Yakes et al., 2002; Holbro et al., 2003; Lee-Hoeflich et al., 2008) . Thus, to determine if the PI3K mutants still depend on binding to HER3, we transfected MCF10A/ HER2 cells expressing WT or mutant PI3K with HER3 or mismatch siRNA. HER3 levels were undetectable within 2 and 6 days after transfection (Figure 3a) . Growth of cells expressing WT PI3K was completely arrested on HER3 knockdown whereas this inhibition was only partial although more obvious in H1047R than in E545K cells (Figures 3b and c) . Consistent with the results on cell growth, pAKT S473 was partially downregulated on HER3 knockdown in EK and HR cells at day 2 but recovered at day 6 particularly in cells expressing H1047R PI3K (Figure 3a ). To confirm that the results were not due to off-target effect of siRNA, we used two siRNAs and obtained similar results. Both siRNAs decreased the HER3 protein levels up to similar extent (Supplementary Figure S2) . We next extended this observation to HER2-overexpressing breast cancer cells expressing H1047R PI3K (HCC1954, MDA-MB-453 and UACC893). Transfection with the HER3 siRNA partially inhibited growth of all three cell lines but had minimal or no effect on pAKT S473 levels (Figures 3d-f ). These data suggest that the PI3K mutants can both activate AKT and maintain some growth with partial autonomy from HER3.
In HER2 gene-amplified cells, HER3 phosphorylation depends on the HER2 kinase activity (Holbro et al., 2003) . To explain this, we treated cells with the HER2 TKI lapatinib and followed HER3 phosphorylation. Lapatinib reduced pHER2
Y1248 levels in cells expressing WT and mutant PI3K. Initially, lapatinib also inhibited pHER3 Y1289 and pAKT S473 and the coupling of p85 with HER3 in cells with WT and EK PI3K. However, cells expressing HR PI3K maintained pHER3, pAKT, pERK and the association of p85 with HER3 (Supplementary Figure S3 ). This result implied that HR mutant expression was associated with cellular factors that maintained HER3 phosphorylation independent of tyrosine kinase function of HER2.
Cells expressing H1047R PI3K overexpress HER3/HER4 ligands Breast cancer cells often express high levels of ErbB receptor-activating ligands (Revillion et al., 2008) . We performed real-time qPCR analysis to compare relative levels of ErbB ligands (EGF, transforming growth factor-a (TGFa), heparin binding-EGF (HB-EGF), epiregulin (EREG), amphiregulin (AREG), betacellulin (BTC) and heregulin (HRG)). Cells expressing HR mutant, but not EK or WT PI3K, produced high levels of HRG and EREG mRNA. The HB-EGF mRNA levels were similar in both EK-and HR-expressing cells. The most significant of these was HRG mRNA, which was upregulated by 4160-fold in HR cells ( Figure 4a) ; this was confirmed by immunoblot analysis of whole-cell lysates ( Figure 4b ). All three ligands bind HER4, whereas HRG is the primary ligand for HER3 (Yarden and Sliwkowski, 2001) . Consistent with HER4 activation, precipitation of HER4, followed by immunoblot with p85 and pTyr antibodies, revealed a constitutive association of HER4 with p85 and HER4 phosphorylation (Figure 4c ).
HRG RNA overexpression was also observed in SKBR3 cells (endogenous WT PI3K) stably transduced with H1047R but not with E545K and WT PI3K (Figure 4d ). Similar to the results with MCF10A/HER2/ HR cells (Supplementary Figure S3) , inhibition of pAKT and pERK with lapatinib was decreased in SKBR3/HR cells compared with the other two cell lines (Figure 4e ). However, we did not observe a better recovery of pHER3 (Y1289, Y1222 and Y1197) in the SKBR3/HR cells than in the SKBR3/WT and EK cells after treatment with lapatinib over a 24-h time course (Figure 4e ). This was probably due to much lower expression level of HRG in SKBR3/HR cells than that in the MCF10A/HER2/HR cells (4-versus 161-fold). Immunoblot analysis with lysates collected from human breast cancer lines harboring both amplified HER2 and mutant PI3K revealed higher levels of HRG protein in HCC1954 and UACC893 compared with BT-474 and SKBR3 cells (Figure 4f ). HCC1954 and UACC893 cells have endogenous H1047R mutation whereas SKBR3 and BT474 cells express WT and a poorly oncogenic K111N mutant PI3K, respectively (Saal et al., 2005; Gymnopoulos et al., 2007) . These differences between the EK and HR mutants are not inconsistent with different structural and biochemical properties of these mutants, which we discuss below.
RNAi of HRG inhibits growth of cell expressing H1047R but not E545K PI3K To determine if autocrine HRG was important for MCF10A/HER2/HR cell growth, we transfected cells with control or HRG siRNA duplexes. At 4 days after transfection, there was sustained reduction (B70%) of HRG mRNA (Figure 5a ), which correlated well with HRG protein levels and with basal HER3 and HER4 activation, as measured with pHER3 Y1289 and pHER4 Y1284 antibodies (Figures 5b and c) . HRG knockdown also resulted in uncoupling of p85 from HER3 and HER4 (Figure 5d) . Further, cells transfected with HRG siRNA grew slower than control siRNA-transfected cells (Figure 5e ). In a head-to-head comparison, transfection of HRG siRNA oligonucleotides inhibited growth of MCF10A/HER2 cells expressing H1047R but not E545K cells (Figures 5f and g ). HRG knockdown had minimal effect on growth of MDA-MB-361 cells, which contain HER2 gene amplification and E545K Figure S4A) . In line with these results, WT cells incubated with conditioned medium from control siRNA-transfected HR cells proliferated faster than cells incubated with conditioned medium from cells in which HRG was downregulated (Supplementary Figure  S4B) . These data suggest that cells that contain H1047R PI3K and high levels of HER2 overexpress HRG which, in turn, can activate HER3 and HER4 in autocrine and paracrine manner to promote cell growth.
PI3K (Figure 5h
To determine whether HRG expression depends on the catalytic activity of mutant PI3K, we performed qPCR analysis on RNA collected from MCF10A/ HER2/HR cells treated with either LY294002 or BEZ235. Treatment with each of the PI3K inhibitors almost completely eliminated pAKT S473 in MCF10A/ HER2/HR cells ( Figure 5i ) and markedly reduced HRG mRNA levels in these and HCC1954 cells that express endogenous H1047R PI3K (Figures 5j and k) . These data suggest that in cells harboring H1047R PI3K HRG expression is at least partially dependent on mutant PI3K.
HRG knockdown sensitizes HER2-overexpressing cells to HER2 inhibitors
Finally, we examined whether interference of the HRG/ HER3/PI3K pathway in cells expressing the exon 20 mutant would enhance the attenuated response to inhibitors of HER2. In 3D Matrigel, growth of MCF10A/HER2 acini expressing WT PI3K but not EK or HR PI3K was markedly inhibited by 1 mM lapatinib (Figure 6a ). HER2-dependent breast cancer cells that are sensitive to lapatinib show an IC 50 of o0.1 mM (Konecny et al., 2006) . The IC 50 of lapatinib for HCC1954 cell growth is X0.3 mM (not shown). Although treatment with lapatinib inhibited pHER2 Y1248 and pHER3 Y1289 in HCC1954 cells, it did not inhibit pAKT S473 , suggesting HER2-independent activation of PI3K (Supplementary Figure S5) . In both MCF10A/ HER2/HR and HCC1954 cells, lapatinib and HRG knockdown inhibited cell growth but the combination was significantly more inhibitory than each alone (Figures 6b and c) . Similar experiments were performed to determine whether HRG knockdown would abrogate resistance to trastuzumab. Treatment with trastuzumab modestly inhibited growth of both the cells. However, transfection of HRG siRNA oligonucleotides resulted in a more significant growth inhibition compared with trastuzumab and the combination was more effective than each intervention alone (Supplementary Figure S6) .
In MCF10A/HER2/HR cells, a combination of HRG knockdown with lapatinib resulted in a marked reduction in pHER2 (Supplementary Figure S7) . The addition of trastuzumab following HRG knockdown did not inhibit pHER2 Y1248 or pHER3 Y1289 any different than siHRG alone (Supplementary Figure S7) perhaps explaining why it minimally contributed to the antitumor effect of HRG knockdown in these cells (Supplementary Figure S6) . This result further suggests that upregulation of HRG in cells expressing H1047R PI3K amplifies signaling by the ErbB receptor network and reduces the antitumor action of HER2 inhibitors. However, it does not rule out the possibility that H1047R PI3K may have HER3-and HER2-independent functions contributing to AKT activation and escape from lapatinib or trastuzumab. In fact, lapatinib treatment did not inhibit pAKT and pHER3 despite inhibition of pHER2 in HR cells (Supplementary Figure S3) . This result also implies that the combination of lapatinib with an inhibitor of mutant PI3K would be more effective than that of lapatinib and HRG knockdown. To test this possibility, we treated MCF10A/HER2/ HR cells with BEZ235, lapatinib or the combination of both over a period of time. Treatment with BEZ235 and lapatinib alone initially inhibited pAKT S473 but this was partially restored at 24 h. At this time, only the combination of lapatinib and BEZ235 inhibited pAKT completely (Figure 6d ). In line with these data, only the combination was able to completely inhibit MCF10A/HER2/HR cell growth after 6 days ( Figure 6e ).
Discussion
Hyperactivation of the PI3K-AKT pathway is considered critical for the initiation and maintenance of human tumors (Garcia-Echeverria and Sellers, 2008) . In breast cancer, constitutive PI3K-AKT activation occurs through HER2 amplification, somatic mutations in PIK3CA and AKT1, AKT2 amplification and loss of the tumor suppressor PTEN (Bellacosa et al., 1995; Li et al., 1997; Bachman et al., 2004; Samuels et al., 2004; Karakas et al., 2006; Carpten et al., 2007) . HER2 amplification has been shown to coexist with PIK3CA-activating mutations (Saal et al., 2005; Stemke-Hale et al., 2008) , suggesting that both molecular alterations may exert additive oncogenic effects (Cantley and Yuan, 2008) . To test these hypotheses, we ectopically expressed the E545K and H1047R 'hotspot' mutations in HER2-overexpressing MCF10A human mammary epithelial cells.
HER2 overexpression in MCF10A cells resulted in elevated PI3K activity and pAKT levels . Stable expression of H1047R PI3K in MCF10A/HER2 cells induced a further increase in pAKT, consistent with the increased lipid kinase activity of this mutant compared with WT PI3K (Isakoff et al., 2005) . The lack of detectable AKT activation by cells expressing the E545K mutant is consistent with a recent study that showed that in some breast cancer cells with PIK3CA mutations, AKT is minimally activated whereas phosphoinositide-dependent kinase 1, another direct target of PI3K, is highly active (Vasudevan et al., 2009) . Under serum deprivation, however, pAKT was activated in both EK and HR cells but not in cells expressing WT PI3K. Compared with control cells, mutant-expressing cells formed larger invasive acini in 3D with less apoptosis and larger colonies in soft agarose. In addition, the PI3K mutant cells were more motile and invasive and less dependent on added serum and growth factors for proliferation (Figure1; Supplementary Figure S1 ). These data indicate that expression of PI3K mutants enhanced the transformed phenotype of human mammary epithelial cells more than that conferred by HER2 overexpression alone.
PI3K activation requires direct interaction of its regulatory subunit p85 with pTyr residues in activated growth factor receptors or adaptors (Cantley, 2002) . In HER2-overexpressing cells, the HER2 co-receptor HER3 is the main adaptor that, on phosphorylation of tyrosine residues in its cytoplasmic tail, engages and activates PI3K (Holbro et al., 2003) . RNAi of HER3 partially inhibited growth of cells expressing mutant PI3K (H1047R4E545K; Figure 3 ), suggesting that mutant kinases still associate with HER3 to be fully active. However, pAKT was partially maintained in cells in which HER3 had been knocked down, implying that the PI3K mutants activated AKT and partially maintained cell growth in an HER3-independent manner. Addition of the HER2 TKI lapatinib inhibited HER2 phosphorylation, yet pHER3 and pAKT were maintained particularly in cells expressing H1047R PI3K (Supplementary Figure S3) , suggesting the presence of compensatory factors aimed at maintaining signaling output by the ErbB network.
ErbB ligands HB-EGF, EREG and HRG were overexpressed mainly in cells expressing HR PI3K. Overexpression of HER3/HER4 ligand HRG was 4160-fold in HR-expressing cells in which more robust HER3 and HER4 phosphorylation had been observed (Figures 4 and 2) . Autocrine HRG secretion is common in breast cancer cells where it confers a more malignant phenotype (Tsai et al., 2003) . HRG Knockdown inhibited pHER3 and pHER4, the association of both HER3 and HER4 with p85 and growth of cells expressing H1047R but not E545K PI3K (Figures 5e-h,  6b and c) . Interestingly, this growth inhibition was superior to that induced by trastuzumab (Supplementary Figure S6 ). Consistent with this result, previous reports have shown that EGFR overexpression and HER3/4 ligands confer resistance to trastuzumab likely because of the reported inability of the antibody to block ligand-induced HER2-containing heterodimers (Ritter et al., 2007) . These results also suggest that HRG is an important growth factor in cells driven by the H1047R PI3K mutant and that therapeutic antibodies against HER3 may have a role in tumors harboring H1047R PI3K.
Although both mutants enhanced HER2-mediated transformation, there were differences between both. Cells expressing H1047R PI3K appeared more dependent on HER3 (Figures 2 and 3) and maintained higher levels of pAKT, pS6, cyclins D1 and D2, and HRG (Figures 1 and 4) . Differences between both mutants are not unprecedented. For example, in chick embryo fibroblasts, the transforming effect of the E545K mutant is independent of binding to p85 but requires interaction with RAS-GTP (Zhao and Vogt, 2008) . In contrast, H1047R is transforming in absence of RAS-GTP binding but is highly dependent on its interaction with p85 (Zhao and Vogt, 2008) . IRS-1 has been shown to activate WT and H1047R but not E542K PI3K (Carson et al., 2008) , suggesting differences in growth factor dependence between both the mutants. Further, crystallographic data showed that E542K disrupts the inhibitory interaction of p110a with the N-terminal SH2 domain of p85, thus enhancing its catalytic activity (Miled et al., 2007) . Related to this, Lee et al. (2007) speculated that the p85 nSH2 domain, unencumbered by its interaction with the helical domain of p110a, remains more closely associated with tyrosine phosphorylated receptors and adaptors at the cell membrane, thus protecting critical tyrosine residues from dephosphorylation and thereby prolonging production of PIP3. Similar data for H1047R PI3K have not been reported. However, structural analysis led to the speculation that this mutation most likely has a direct effect on the conformation of the p110a activation loop, changing its interaction with phosphoinositide substrates (Huang et al., 2007) .
Cells expressing H1047R PI3K were partially resistant to the HER2 TKI lapatinib (Figure 6 ). MCF10A/ HER2/HR and HCC1954 cells maintained pAKT despite inhibition of the HER2 kinase ( Figure 6 ; Supplementary Figures S3 and S5) . In MCF10A/ HER2/HR cells, maintenance of pHER3 cannot be explained by persistent EGFR and HER4 phosphorylation as lapatinib also inhibits both receptors (Medina and Goodin, 2008; data not shown) . This suggests the possibility of HER3 transactivation by another kinase when EGFR, HER2 and HER4 are inhibited. Nonetheless, in MCF10A/HER2/HR and HCC1954 cells, the combination of lapatinib with HRG siRNA inhibited growth significantly better than each alone (Figure 6 ), thus implying that HRG upregulation shifts the dose response to lapatinib.
In summary, the data herein indicate that PI3K mutations enhance HER2-mediated transformation. Expression of H1047R p110a amplified signaling output of the ErbB receptor network by upregulating ErbB ligand expression, thus counteracting the response to the HER2 inhibitors trastuzumab and lapatinib. Although the PI3K mutants still coupled to HER3, cell growth and AKT activation on HER3 knockdown were partially maintained in HER2-overexpressing cells with mutant PI3K. This suggests that p110a mutants conferred PI3K activation and viability in HER2-overexpressing cells without complete dependence on HER3. Taken together, these data imply two not mutually exclusive possibilities: (1) there is a kinase or adaptor other than HER3 responsible for activation of the mutants, and (2) the PI3K mutants are constitutively active in absence of binding to any kinase or adaptor.
Finally, only combined inhibition of PI3K and HER2 with BEZ235 and lapatinib completely inhibited growth of MCF10A/HER2/HR cells (Figure 6 ). On the basis of these data, we propose that combined inhibition of PI3K and HER2 should be a preferred approach against cancers that contain both HER2 gene amplification and PIK3CA-activating mutations.
Materials and methods
Cell lines, plasmids viruses and inhibitors
All cell lines were purchased from American Type Culture Collection. MCF10A/HER2 cells were generated and maintained as described previously (Ueda et al., 2004; Wang et al., 2006) . Improved minimal essential medium and fetal calf serum were purchased from Invitrogen (Carlsbad, CA, USA). HA-tagged WT or EK and HR PI3K variants cloned into JP1520 retroviral vector were described previously (Isakoff et al., 2005) . Retrovirus production and generation of stable clones were described previously (Wang et al., 2006) . LY294002, trastuzumab and lapatinib ditosylate (Lap-d) were purchased from Calbiochem (Gibbstown, NJ, USA), Vanderbilt University Medical Center Pharmacy and LC Laboratories (Woburn, MA, USA), respectively. NVP-BEZ235 was provided by Carlos Garcia-Echeverria (Novartis, Basel, Switzerland).
Cell growth and viability assays
For growth in monolayer, 2.5 Â 10 4 cells were seeded in 12-well plates and allowed to grow in presence or absence of inhibitors. Cells were collected by trypsinization and cell number was determined in a Beckman Coulter counter (Brea, CA, USA). For crystal violet assay, 5 Â 10 4 cells were seeded in six-well plates and grown for indicated time ± inhibitors, fixed in methanol, stained with crystal violet and photographed. Anchorage-independent growth was measured in a soft agarose colony formation assay as described previously (Wang et al., 2006) . Three-dimensional morphogenesis and indirect immunofluorescence Three-dimensional morphogenesis, indirect immunofluorescence and confocal analyses were performed as described previously (Wang et al., 2006) . The cleaved caspase-3 (Asp175) antibody was from Cell Signaling Technology (Danvers, MA, USA). Fluorescent secondary antibodies were from Molecular Probes (Carlsbad, CA, USA).
Motility and invasion assays
Motility was measured by using 8-mm pore polycarbonate Transwell filters (Corning Costar) as previously described (Wang et al., 2006) . Similar protocol was followed for invasion assay with Matrigel-coated Transwell filters from BD Biosciences (San Jose, CA, USA).
Immunoprecipitation and immunoblotting
Immunoprecipitation and immunoblotting were performed using published protocols (Isakoff et al., 2005; Wang et al., 2006 Wang et al., , 2008 , GSK-3b, pGSK-3a/b S21/9 , HRG (Cell Signaling Technology), pTyr (BD Transduction Laboratories, San Jose, CA, USA), p85 (Millipore, Bedford, MA, USA), b-actin (Sigma, St Louis, MO USA), HER2 (NeoMarkers, Fremont, CA, USA), HER3, cyclin D1 and cyclin D2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The rabbit HER4 polyclonal antibody was a gift from H Shelton Earp (University of North Carolina).
Real-time qPCR analysis RNA was isolated using TRIzol (Invitrogen). Protocols for reverse transcription, qPCR and subsequent data analysis were described previously . Sequences for primer sets for EGF, TGFa, HB-EGF, EREG, AREG, BTC, HRG and human cDNA FLJ22101 (housekeeping gene) were described previously .
RNAi studies siRNA duplexes for mismatch control and human HER3 were described by Wang et al. (2008) . ON-TARGETplus SMARTpool siRNAs against HRG were obtained from Thermo Scientific (Pittsburgh, PA, USA). Transfections were performed with Lipofectamine RNAiMAX (Invitrogen).
